The biopolymer produced by Rhizobium viscosum CECT 908 is a promising agent for application in Microbial Enhanced Oil Recovery by Couto, Márcia R. et al.
Contents lists available at ScienceDirect
New BIOTECHNOLOGY
journal homepage: www.elsevier.com/locate/nbt
Full length article
The biopolymer produced by Rhizobium viscosum CECT 908 is a promising
agent for application in microbial enhanced oil recovery
Márcia R. Couto, Eduardo J. Gudiña⁎, Débora Ferreira, José A. Teixeira, Lígia R. Rodrigues
CEB - Centre of Biological Engineering, University of Minho, 4710-057 Braga, Portugal
A R T I C L E I N F O
Keywords:
Microbial enhanced oil recovery
Polymer ﬂooding
Xanthan gum
Rhizobium viscosum
Rheology
Apparent viscosity
A B S T R A C T
Polymer ﬂooding is one of the most promising techniques used to increase the productivity of mature oil re-
servoirs. Polymers reduce the mobility ratio of the injected water relative to the crude oil, improving the dis-
placement of the entrapped oil and consequently, increasing oil recovery. Biopolymers such as xanthan gum
have emerged as environmentally friendly alternatives to the chemical polymers commonly employed by the oil
industry. However, in order to seek more eﬃcient biomolecules, alternative biopolymers must be studied. Here,
the applicability of a biopolymer produced by Rhizobium viscosum CECT 908 in Microbial Enhanced Oil Recovery
(MEOR) was evaluated. This biopolymer exhibited better rheological properties (including higher viscosity)
when compared with xanthan gum. Its stability at high shear rates (up to 300 s−1), temperatures (up to 80 °C)
and salinities (up to 200 g/L of NaCl) was also demonstrated. The biopolymer exhibited better performance than
xanthan gum in oil recovery assays performed with a heavy crude oil, achieving 25.7 ± 0.5% of additional
recovery. Thus the R. viscosum CECT 908 biopolymer is a promising candidate for application in MEOR.
Introduction
Extracting the maximum amount of crude oil from the reservoirs is a
major challenge for the oil industry and requires the application of
tertiary oil recovery techniques, also known as enhanced oil recovery
(EOR). Among the diﬀerent EOR strategies, polymer ﬂooding is one of
the most promising due to its relative low cost when compared with
other processes [1,2].
During oil recovery operations, water is usually injected into the
reservoirs in order to mobilize the entrapped oil. However, due to its
low viscosity, water moves faster in the reservoir compared with crude
oil. As a result, an irregular oil displacing front is formed, which results
in water penetrating the oil front, leaving behind regions of unswept oil
[3]. Water-soluble polymers are used to increase the viscosity of the
injected water, reducing the mobility ratio of water relative to crude oil
inside the reservoir; this results in the formation of a uniform oil dis-
placement front, facilitating the mobilization of the residual oil and
improving the overall sweep eﬃciency of water ﬂooding. Several stu-
dies (including laboratory and ﬁeld assays) demonstrated that polymer
ﬂooding can increase oil recovery by 20% over water ﬂooding [3–7].
There are several aspects to be taken into account when selecting a
polymer for application in EOR. It must be stable under the oil reservoir
conditions (salinity, pressure and temperature), as well as at high shear
rates, in order to maintain performance. The viscosity of a polymer
solution is directly related to its molecular weight, and a higher visc-
osity of the displacing phase usually results in a higher oil recovery.
However, if the molecular weight is too high, the polymer may plug the
formation, thus lowering the ﬂow and reducing the eﬃciency of
polymer ﬂooding. In addition, high molecular weight polymers are
usually more susceptible to degradation at high shear rates [3]. Typical
polymers used in EOR exhibit a shear-thinning or pseudoplastic beha-
viour; consequently, they exhibit low viscosities near the wellbore re-
gion due to the high ﬂow rate (which results in high shear rates), which
facilitates their injectivity. Once distant from the point of injection, as
the shear rate decreases, their viscosity increases favouring the dis-
placement of the residual oil [5,6,8].
Synthetic polymers such as partially hydrolysed polyacrylamide
(HPAM) have been widely used in polymer-based EOR due to their
relative low cost. However, some of these synthetic polymers are ha-
zardous to the environment due to the toxicity of certain compounds
resulting from their degradation (e.g. acrylamides) [3,9–12]. Moreover,
in some cases their application is limited by their instability at the oil
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reservoir conditions. For instance, the viscosity of HPAM solutions is
considerably reduced at high salinities and temperatures, and high
shear rates result in the degradation of the polymer [13,14]. Due to the
high ﬂexibility of HPAM chains in aqueous solutions, they begin to fold
irreversibly, particularly at high temperatures and high salinities, re-
sulting in a signiﬁcant loss of viscosity [14]. For that reason, the use of
biopolymers produced by diﬀerent microorganisms to increase oil re-
covery in mature reservoirs is currently receiving more interest
worldwide, as part of a process known as microbial enhanced oil re-
covery (MEOR). MEOR, which uses microorganisms and their meta-
bolites to recover additional oil from mature reservoirs, represents a
promising strategy to replace the chemical compounds currently used
in chemical enhanced oil recovery (CEOR), and its application and
potential have been widely documented [1,15–19].
A variety of microorganisms produce biopolymers useful for appli-
cation in MEOR, including species belonging to the genera Alcaligenes,
Aureobasidium, Bacillus, Leuconostoc, Pseudomonas, Sphingomonas and
Xanthomonas [1,4,12,20–24]. Among these biopolymers, xanthan gum,
produced by the bacterium Xanthomonas campestris, stands out. Its
production, structure, composition and rheological properties have
been extensively studied and its application in MEOR, due to its ability
to increase the viscosity of the injected water at low concentrations,
resistance to shear stress, as well as temperature and salt tolerance, has
been demonstrated in a wide range of oil ﬁeld assays [1,25–27].
However, xanthan is more susceptible to microbial degradation and
more expensive compared with the synthetic polyacrylamides, which
can limit its application [3]. Consequently, it is necessary to screen and
study new biopolymers with improved properties for application in
MEOR.
Here, the biopolymer produced by Rhizobium viscosum CECT 908
was studied in respect of its potential application in MEOR for the ﬁrst
time. The molecular weight of this biopolymer was determined by static
light scattering and its rheological properties were compared with those
of xanthan gum. Finally, its ability to recover crude oil from sand-pack
columns was evaluated using two diﬀerent oils.
Material and methods
Biopolymer production
The strain R. viscosum CECT 908 (previously classiﬁed as
Arthrobacter viscosus CECT 908 [28]), was used for biopolymer pro-
duction. The composition of the culture medium used was: glucose
20 g/L; peptone 5 g/L; malt extract 3 g/L; yeast extract 3 g/L; pH 7.0
[29]. The strain was stored at -80 °C in the same culture medium sup-
plemented with glycerol (15%, v/v). Erlenmeyer ﬂasks (500mL) con-
taining 200mL culture medium were inoculated with 1% of a pre-cul-
ture of R. viscosum CECT 908 and incubated at 30 °C and rotated at
150 rpm. Samples (5mL) were collected every 24 h to evaluate biopo-
lymer production, which was determined from the viscosity of the
samples (as described below). The crude biopolymer was recovered
from the samples through precipitation with hexadecyl-
trimethylammonium bromide (CTAB), as described in [30], re-
suspended in 5mL of demineralised water and dried at 60 °C for 24 h.
The amount of crude biopolymer was determined as dry weight and
expressed as g/L culture. The results are presented as the mean ±
standard deviation (SD) of triplicate experiments.
When biopolymer production was maximal, the crude biopolymer
was recovered and subsequently puriﬁed as in [30]. The puriﬁed bio-
polymer was freeze-dried, weighed and stored at room temperature
(RT).
Rheological properties and stability
The rheological properties of the R. viscosum CECT 908 biopolymer
(culture broth samples and puriﬁed biopolymer) and xanthan gum
(Sigma-Aldrich Co., USA) were studied using a hybrid rheometer
(Discovery HR1, TA Instruments, USA). Assays were performed at 40 °C
using a cone-plate geometry (diameter 60mm; angle 2.006°; gap
0.064mm). The shear stress (Ƭ, mPa) and apparent viscosity (η, mPa s)
were measured at diﬀerent shear rates (0.1-300 s−1) through three
successive ﬂow ramps (0.1→ 300 s−1; 300→ 0.1 s−1; 0.1→ 300 s−1).
Each sample was analysed in triplicate.
For application in MEOR and to maintain their eﬃciency in oil re-
covery, biopolymers must retain their properties unaltered for the
sweep time under the reservoir conditions. In order to study the sta-
bility of the biopolymers over the time when subjected to shear rates
representative of oil reservoirs, thixotropic studies were performed
according to the methodology proposed in [12]. Puriﬁed R. viscosum
CECT 908 biopolymer and xanthan gum (both at 2 g/L) were exposed to
a constant shear rate (7.3 s−1) at 40 °C for 2 h. The shear rate used was
selected according to similar literature reports as being representative
of oil reservoir conditions [4,9,12,31,32]. In order to prevent eva-
poration of the samples during the assays, their outer surface was
covered with silicon oil. The shear stress and apparent viscosity were
measured every 30 s.
To study the stability of the biopolymer to high temperatures,
samples from a culture of R. viscosum CECT 908 were incubated at
80 °C, 90 °C or 100 °C for 1 and 2 h. Subsequently, the apparent visc-
osity of the samples was measured as described above and compared
with values obtained for a non-treated sample. The eﬀect of salinity was
studied by adding NaCl at diﬀerent concentrations (25, 50, 100, 150
and 200 g/L) to samples from a culture of R. viscosum CECT 908. The
apparent viscosity of the samples was measured and compared with the
values obtained without addition of NaCl.
All measurements were performed in triplicate at 40 °C. Samples
were allowed to stabilize for 24 h before analysis to avoid the presence
of bubbles.
Molecular weight determination
The freeze-dried biopolymer was dissolved in ultrapure water at
diﬀerent concentrations (0.05, 0.10, 0.15 and 0.20 g/L). The refractive
indices of these solutions were measured using a refractometer (RX-
9000α, ATAGO, Japan), and according to the results obtained, the re-
fractive index increment (dn/dc), i.e. the change in the refractive index
of a solution as a function of solute concentration, was determined to be
0.2000 g/mL. Subsequently, the same solutions were used to calculate
the molecular weight of the puriﬁed biopolymer through static light
scattering (SLS) using a Zetasizer Nano ZS (Malvern Instruments, UK),
following the manufacturer’s instructions. The assays were performed
at 25 °C, and the scattering angle was 173°. The full protocol can be
found at https://www.malvernpanalytical.com/en/learn/knowledge-
center/user-manuals/MAN0485EN.html
Oil recovery assays using sand-pack columns
The performance of the R. viscosum CECT 908 biopolymer in oil
recovery was studied using sand-pack columns through an ex situ ap-
proach, as described by Gudiña and co-workers [17]. The assays were
performed using two crude oil samples with diﬀerent viscosities: CLB
(η40°C= 81 ± 5mPa s at 1.4 s−1) and PTX-11 (η40°C= 167 ± 41mPa
s at 1.4 s−1). These oils were provided by PARTEX Oil and Gas (Lisbon,
Portugal), and their viscosities determined using a hybrid rheometer
(Discovery HR1, TA Instruments, USA) equipped with a cone-plate
geometry (diameter 60mm; angle 2.006°; gap 0.064mm) at 40 °C.
The oil recovery assays were performed using vertically oriented
acrylic columns with a volume of 280mL, at 40 °C and a constant ﬂow
rate of 2mL/min. The columns, provided with a sieve and cap ﬁxed at
the bottom, were tightly ﬁlled with sand previously sifted with a
0.45mm sieve, and top sieves and caps, provided with rubber ‘O’ rings
to hermetically seal the columns, were ﬁxed. The caps on both ends of
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the columns were provided with holes for the insertion of inlet and
outlet tubes. First, the columns were ﬂooded with demineralised water.
The pore volume (PV in mL) was calculated by measuring the volume of
water required to saturate each column and the porosity (%) was de-
termined by dividing the PV by the total volume of the column. Crude
oil was then injected into the columns and the original oil in place
(OOIP in mL) was calculated as the volume of crude retained by the
columns. The initial oil saturation (Soi, %) was calculated as:
Soi = (OOIP/PV) × 100 (1)
Subsequently, the columns were incubated at RT for 24 h, and then
ﬂooded again with demineralised water to remove the excess of crude
oil; this step continued until crude oil was no longer observed in the
eﬄuent. The amount of crude oil recovered (oil recovered after water
ﬂooding (Sorwf in mL)) was determined volumetrically, and the residual
oil saturation (Sor, %) was calculated as:
Sor = ((OOIP - Sorwf)/OOIP) × 100 (2)
200mL (approximately two pore volumes) of diﬀerent biopolymer
solutions prepared at diﬀerent concentrations in demineralised water
(or alternatively, cultures of R. viscosum CECT 908) were then injected
into the columns, followed by 250mL of demineralised water. The
volume of crude oil recovered (oil recovered after polymer ﬂooding
(Sorpf in mL)) was measured, and the additional oil recovery (AOR, %)
was calculated as:
AOR = (Sorpf /(OOIP - Sorwf)) × 100 (3)
Control assays were performed under the same conditions by in-
jecting 450mL of demineralised water into the columns (i.e. without
the injection of biopolymer solutions). All assays were performed in
duplicate.
Results
Biopolymer production by R. viscosum CECT 908
The time course of biopolymer production by R. viscosum CECT 908
was evaluated in ﬂask assays. The viscosity of the samples taken at
diﬀerent time intervals was measured, and the crude biopolymer pro-
duced was quantiﬁed. As seen in Fig. 1, the apparent viscosity of the
culture medium exhibited a considerable increase after 48 h of growth
(606 ± 34mPa s). Thereafter, it continued to increase, reaching a
maximum of 739 ± 30mPa s after 96 h. Subsequently, the viscosity
decreased, probably due to the degradation of the biopolymer. How-
ever, no direct relationship was observed between the viscosity of the
culture medium and the amount of crude biopolymer produced, which
achieved a maximum at 48 h (4.47 ± 0.03 g/L), and then decreased
slightly, possibly due to changes in the structure of the biopolymer over
time, e.g. diﬀerent degrees of polymerization, that ultimately resulted in
an increase in its viscosity. The amount of crude biopolymer produced
after 96 h (4.23 ± 0.11 g/L) was equivalent to 2.0 ± 0.1 g/L of pur-
iﬁed biopolymer.
The molecular weight of the biopolymer, determined through two
independent SLS assays, was found to be 243.5 ± 16.1 kDa and the
hydrodynamic diameter predicted was 28 nm.
Rheological properties
Flow curves
The shear stress and apparent viscosity of aqueous solutions of the
puriﬁed biopolymer and xanthan gum (both at 2.5 g/L) were measured
over a wide range of shear rates (0.1-300 s−1) at 40 °C (Fig. 2A, B,
respectively). In both cases the shear stress varied non-linearly with the
shear rate, indicating that both biopolymers exhibited a non-Newtonian
behaviour (i.e. the apparent viscosity is dependent on the shear rate).
Furthermore, since the apparent viscosity decreased as the shear rate
increased, they are pseudoplastics or shear-thinning ﬂuids. The results
demonstrated that both biopolymers were able to recover their prop-
erties immediately after being exposed to high shear rates (300 s−1),
since the original viscosity values were recovered as the shear rate
decreased; the ﬂow curves obtained for both biopolymers in the three
Fig. 1. Time course of apparent viscosity (mPa s) and crude biopolymer pro-
duction (g/L) in assays performed with Rhizobium viscosum CECT 908 grown in
ﬂasks at 30 °C and 150 rpm. The apparent viscosity was measured at 40 °C and
the values correspond to a shear rate of 1.4 s−1. The results represent the
average of two independent experiments ± standard deviation.
Fig. 2. Rheograms of aqueous solutions of the puriﬁed Rhizobium viscosum
CECT 908 biopolymer (A) and xanthan gum (B) at a concentration of 2.5 g/L.
The measurements were performed at 40 °C.
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successive ﬂow ramps (0.1→ 300 s−1; 300→ 0.1 s−1; 0.1→ 300 s−1)
were coincident (data not shown). Furthermore, seen in Fig. 2, the R.
viscosum CECT 908 biopolymer exhibited higher apparent viscosity
values than xanthan gum at the same shear rate.
Subsequently, the rheological properties of both biopolymers were
studied at diﬀerent concentrations. Table 1 shows the apparent visc-
osity values obtained for the diﬀerent biopolymer solutions at a shear
rate of 1.4 s−1. The apparent viscosity of the R. viscosum CECT 908
biopolymer was always higher than that of xanthan gum at the same
concentration.
Finally, the rheological behaviour of a R. viscosum culture, which
contained an amount of biopolymer equivalent to about 2 g/L of pur-
iﬁed biopolymer, was studied. The proﬁle obtained was similar to that
exhibited by the puriﬁed biopolymer (Fig. 3), and the apparent visc-
osity at a shear rate of 1.4 s−1 was 601 ± 21mPa s, which is in ac-
cordance with the viscosity values obtained for the solutions of puriﬁed
biopolymer at the same range of concentrations.
Stability at shear stress
To study the stability of the R. viscosum CECT 908 biopolymer over
the time when subjected to shear rates usually found in oil reservoirs, a
real-time thixotropic assay was performed at a constant shear rate (7.3
s−1) and temperature (40 °C) for 2 h. The variation of the shear stress
and apparent viscosity over the shear time is presented in Fig. 4. It can
be concluded that the structure of the biopolymer produced by R. vis-
cosum CECT 908 was not aﬀected by the shear rate applied for 2 h, as
the apparent viscosity remained constant. The same proﬁle was ob-
served for xanthan gum, although in this case the viscosity values were
considerably lower.
Stability at high temperatures
The eﬀect of exposure of the biopolymer to high temperatures was
studied. Culture broth samples were incubated at 80 °C, 90 °C and
100 °C for 1 and 2 h, and the apparent viscosity measured. Treatments
at 90 °C for 1 and 2 h led to decreased apparent viscosity of 12.5% and
23.6%, respectively, whereas incubation at 100 °C reduced viscosity by
13.6% and 20.6%. However, incubations at 80 °C for up to 2 h did not
aﬀect its viscosity.
Stability at high salinities
The eﬀect of high salt concentrations on the rheological properties
of R. viscosum CECT 908 biopolymer was also studied. NaCl at con-
centrations from 25 to 200 g/L was added to culture broth samples.
Subsequently, their apparent viscosity was measured and the values
obtained were found to be similar to those for the culture broth without
NaCl. The performance of this biopolymer was unaﬀected by NaCl at
concentrations as high as 200 g/L.
Oil recovery assays
R. viscosum CECT 908 biopolymer was evaluated for application in
MEOR using sand-pack columns and an ex situ approach. Two diﬀerent
oils were used to evaluate the eﬀect of the crude oil viscosity in the
performance of the biopolymer: a light-medium oil (CLB,
η40°C= 81 ± 5mPa s) and a heavy oil (PTX-11,
η40°C= 167 ± 41mPa s). The widely used xanthan gum was used as
reference for comparison.
In the assays with the crude oil CLB, aqueous solutions of the pur-
iﬁed biopolymer at 1 g/L and the culture broth were evaluated
(Table 2). A higher AOR (13.6 ± 0.9%) was obtained using the culture
broth, which contained an amount of biopolymer equivalent to 2 g/L,
compared to the puriﬁed biopolymer at 1 g/L (AOR=7.4 ± 1.4%).
The puriﬁed biopolymer at 2 g/L also resulted in a lower recovery
(AOR≈ 8%, data not shown) compared to the culture broth. On the
other hand, xanthan gum at 1 g/L exhibited better performance
(AOR=27.7 ± 5.0%) compared to the R. viscosum CECT 908 biopo-
lymer, although its viscosity was considerably lower (Table 1).
Due to the better performance exhibited by the culture broth of R.
viscosum CECT 908 when compared with the puriﬁed biopolymer, only
the culture broth was evaluated in the assays performed with the crude
oil PTX-11 (Table 3). In this case, the R. viscosum biopolymer exhibited
a higher displacement eﬃciency (AOR=25.7 ± 0.5%) as compared to
xanthan gum, even at a concentration of 2 g/L (AOR=19.8 ± 1.2%).
Table 1
Apparent viscosity values (η40°C) obtained for solutions of xanthan gum and the
puriﬁed biopolymer produced by Rhizobium viscosum CECT 908 at diﬀerent
concentrations. The measurements were performed at 40 °C, and the values
correspond to a shear rate of 1.4 s−1. The results represent the average of three
independent measurements ± standard deviation.
Concentration
(g/L)
η40°C (mPa s)
Biopolymer R. viscosum CECT 908 1.0 194 ± 8
2.5 1207 ± 14
3.0 1527 ± 15
Xanthan gum 1.0 118 ± 8
2.5 281 ± 11
5.0 1159 ± 79
Fig. 3. Rheogram of a culture of Rhizobium viscosum CECT 908 grown in ﬂask at
30 °C and 150 rpm. The measurements were performed at 40 °C.
Fig. 4. Evolution of shear stress (mPa) and apparent viscosity (mPa s) over the
shear time (s) of aqueous formulations of the puriﬁed Rhizobium viscosum CECT
908 biopolymer (continuous line) and xanthan gum (dotted line) at a con-
centration of 2 g/L. The experiments were performed at a constant shear rate of
7.3 s−1 and 40 °C.
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Discussion
R. viscosum CECT 908 produced 4.23 ± 0.11 g of crude biopolymer
per litre after 96 h of growth, which is in accordance with the results
reported using the same strain but diﬀerent culture media (3.3–5.0 g/L)
[29,33]. Although the production of higher amounts of biopolymer by
diﬀerent microorganisms has been reported (5–14 g/L), as can be seen
from Table 4, in most of cases the viscosities obtained were similar or
lower than those obtained for R. viscosum CECT 908. This indicates a
higher eﬃciency of the biopolymer studied here, since higher viscos-
ities were obtained at lower concentrations.
The eﬃciency of a (bio)polymer in EOR is highly dependent on its
rheological properties and it is expected that a higher viscosity will
result in a better performance. In order to characterize the rheological
behaviour of the biopolymer studied here, the eﬀect of shear rate on
shear stress and the apparent viscosity was determined. The R. viscosum
biopolymer exhibited a pseudoplastic or shear-thinning behaviour, as
previously reported for other biopolymers such as xanthan gum, diutan
gum and welan gum [4,8,9,12,36,37]. For this type of (bio)polymer, as
the shear rate increases, the apparent viscosity decreases and the shear
stress increases. A shear-thinning behaviour favours (bio)polymer ap-
plication in EOR, because during their injection in the oil reservoir, they
undergo high shear rates (≥ 100 s−1) in the near-wellbore region,
which results in low viscosity values, improving their injectivity and
preventing damage to the oil formation. Once transported away from
the near-wellbore region, the shear rate experienced by the (bio)
polymer solution is lower (about 1 to 10 s−1), allowing the recovery of
high viscosity values, required for a favourable mobility control and,
consequently, an eﬃcient oil displacement [9,13]. However, the high
shear rates achieved during the injection of the (bio)polymer solution
can result in the mechanical breakdown of the molecules due to the
high shear stress values achieved [3,14]. The results demonstrated that
the R. viscosum biopolymer and xanthan gum were able to recover their
properties immediately after being exposed to shear rates as high as 300
s−1. These results are in good agreement with previous studies re-
porting that biopolymers are more stable to mechanical degradation
due to shear stress under real injection conditions compared to syn-
thetic polymers such as HPAM [13].
For application in EOR, and in order to maintain their performance,
(bio)polymers must retain their properties unaltered during the time of
application under the reservoir conditions. The biopolymer produced
by R. viscosum CECT 908 was not aﬀected by exposure to a shear rate
representative of the oil reservoir conditions (7.3 s−1) over time, in
agreement with results obtained for other biopolymers [12].
Another limiting factor for the application of (bio)polymers in EOR
is the high temperature commonly found in many oil reservoirs. The R.
viscosum biopolymer remained stable up to 80 °C. Other biopolymers
such as diutan gum, produced by Sphingomonas spp., or scleroglucan,
produced by Sclerotium spp., remained stable up to 90–95 °C [12,38].
The viscosity of the biopolymer produced by Pseudomonas oleovorans
was signiﬁcantly reduced when exposed to 100 °C for 1 h, but was not
aﬀected by temperatures up to 80 °C [36,39]. In contrast, xanthan gum,
welan gum and HPAM exhibited a considerable loss of viscosity be-
tween 75 °C and 85 °C [8,9,12,27].
Moreover, the rheological properties of the biopolymer were not
aﬀected by NaCl concentrations as high as 200 g/L. Other biopolymers
such as xanthan gum, diutan gum and welan gum remained stable at
salinities up to 100 g/L [9,12,27]. In contrast, the viscosity of the bio-
polymer produced by P. oleovorans was considerably reduced by NaCl at
100 g/L [36]. For the synthetic polymer HPAM, the addition of NaCl at
9.5 g/L reduced viscosity by 74% [12].
The molecular weight of biopolymers is highly dependent on the
producing strain, the culture media and culture conditions used, as well
Table 2
Results obtained in MEOR sand-pack column assays performed with the crude
oil CLB using the biopolymer produced by Rhizobium viscosum CECT 908
(puriﬁed biopolymer and culture broth) and xanthan gum. The AOR value is the
corrected value obtained after subtracting the additional oil recovery obtained
in the control assays. The results represent the average of two independent
experiments ± standard deviation.
Oil Recovery
Parameters
Treatment
Rhizobium viscosum Xanthan gum
(1 g/L)
Puriﬁed biopolymer
(1 g/L)
Culture broth
PV (mL) 91.0 ± 4.2 93.5 ± 4.9 85.0 ± 3.6
Porosity (%) 32.5 ± 1.5 33.4 ± 1.8 30.4 ± 1.3
OOIP (mL) 72.6 ± 2.3 70.2 ± 0.5 73.8 ± 1.9
Soi (%) 80.0 ± 6.3 75.1 ± 4.5 86.8 ± 5.2
Sorwf (mL) 47.3 ± 0.4 48.5 ± 2.1 42.5 ± 1.5
Sor (%) 34.9 ± 2.5 30.9 ± 3.5 42.4 ± 1.7
Sorpf (mL) 3.9 ± 0.2 5.1 ± 0.9 11.8 ± 1.2
AOR (%) 7.4 ± 1.4 13.6 ± 0.9 27.7 ± 5.0
Table 3
Results obtained in MEOR sand-pack column assays performed with the crude
oil PTX-11 using the biopolymer produced by Rhizobium viscosum CECT 908
(culture broth) and xanthan gum. The AOR value is the corrected value ob-
tained after subtracting the additional oil recovery obtained in the control as-
says. The results represent the average of two independent experiments ±
standard deviation.
Oil Recovery Parameters Treatment
R. viscosum
(culture broth)
Xanthan gum
1 g/L 2 g/L
PV (mL) 94.0 ± 0.0 94.0 ± 0.0 92.0 ± 0.0
Porosity (%) 33.6 ± 0.0 33.6 ± 0.0 32.9 ± 0.0
OOIP (mL) 90.9 ± 4.5 85.3 ± 4.0 88.5 ± 0.0
Soi (%) 96.7 ± 4.9 90.7 ± 4.2 96.2 ± 0.0
Sorwf (mL) 50.1 ± 2.8 50.1 ± 0.1 50.1 ± 0.1
Sor (%) 44.9 ± 0.2 41.2 ± 2.6 43.4 ± 0.1
Sorpf (mL) 15.6 ± 1.3 10.6 ± 0.2 12.5 ± 0.6
AOR (%) 25.7 ± 0.5 17.6 ± 1.8 19.8 ± 1.2
Table 4
Viscosity values and biopolymer yields reported for diﬀerent microorganisms.
Microorganism [Biopolymer] (g/L) Viscosity
(mPa s)
Time (hours) Reference
Rhizobium viscosum 4.2 739 (40 °C) 96 This study
Rhizobium tropici 5.5 50-70 (25 °C) 96 [34]
Aureobasidium pullulans 13 28-60 (25 °C) 120 [21]
Bacillus licheniformis 6.2 90 (30 °C) 24 [24]
Bacillus licheniformis TT33 4.5 120 (28 °C) 72 [23]
Schizophyllum commune ∼5 ∼2000 (25 °C) 312 [22]
Sphingomonas paucimobilis ATCC 31461 14 ∼400 (30 °C) 48 [35]
The temperature at which the viscosity was measured is indicated and the fermentation time required to produce the biopolymer.
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as the recovery process. The molecular weight calculated for the R.
viscosum CECT 908 biopolymer (243.5 ± 16.1 kDa) is in the same
range as those reported for scleroglucan or welan gum (100–700 kDa)
[4,9,38], but lower compared with those of diutan gum, levan, pullulan
or xanthan gum (1,000–50,000 kDa) [9,12,21]. The rheological prop-
erties of polymers are aﬀected by their structure and molecular weight.
Usually, the viscosity of a polymer formulation increases with mole-
cular weight, which can lead to a higher oil recovery. However, high
molecular weight biopolymers are usually more susceptible to me-
chanical degradation due to shear stress, and their application exhibits
limitations related with their injectivity and propagation through the
reservoir [3].
The R. viscosum biopolymer exhibited a better performance than
xanthan gum in oil recovery assays performed with a heavy crude oil.
However, the same eﬀect could not be observed with a light crude oil.
This may be due to a more favourable mobility ratio between the in-
jected biopolymer solution and the heavy crude oil (resulting in a more
uniform displacement front). This represents an advantage for the ap-
plication of the biopolymer studied here in EOR, as crude oils with high
viscosities are more diﬃcult to recover. Furthermore, the results de-
monstrate that the unpuriﬁed biopolymer (culture broth) exhibited a
better performance in oil recovery compared to the puriﬁed biopo-
lymer, probably due to the presence of synergistic metabolites. This is
an advantage for application in MEOR, as it is not necessary to purify
the biopolymer, which is expensive and laborious. Moreover, the R.
viscosum biopolymer exhibited a similar or better performance in oil
recovery as compared to other (bio)polymers, particularly the synthetic
polymer HPAM, as can be seen in Table 5.
The results obtained in the oil recovery assays performed with the R.
viscosum CECT 908 biopolymer, together with its stability under high
salinity, high temperature and high shear rates, make it a promising
candidate for application in EOR. However, to make it competitive with
synthetic polymers, it is necessary to reduce its production costs (since
R. viscosum is strictly aerobic, the biopolymer should be produced ex
situ and subsequently injected into the oil well). This can be achieved
through the use of agro-industrial wastes or by-products as substrates
for its production and through the optimization of the fermentation
process, as reported for other biopolymers [25,26,38].
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